The vast majority of all sediment is derived from hillslopes. Attempts to understand what controls variability in the sedimentary record should therefore consider the primary variability of hillslope sediment yield to depositional basins. But our understanding of controls on sedimentation, particularly climatic controls, is limited by poor understanding of the links between hillslopes and depositional systems. This is partly because the applications of geomorphic research to sedimentology are not fully realized. The long-term hillslope stratigraphic records of this study provide a crucial physical link between hillslope sediment sources and depositional basins, and between geomorphology and sedimentology.
INTRODUCTION
Clastic detritus follows a path from the weathering profile, through hillslope transport, to the fluvial system, and finally to a depositional basin. Sedimentary stratigraphy is the integrated result of the steps along this path, and variability is caused by the effects of climate, tectonics, base level, and rock type on surficial processes in both source areas and basins. Despite the clear ties between surficial processes and sedimentary deposits, the link between processes of hillslope sediment production and deposition of that sediment in adjacent basins is poorly understood. The texture and architecture of sedimentary successions record the primary variability of hillslope sediment yield to these systems. For this reason, the relative roles of tectonics and climate in the stratigraphic record can only be addressed if the hillslope processes that produce and deliver sediment to basins are understood.
Climate and its influence on the interconnections between vegetation, soils, weathering, hydrology, and glaciation are of primary importance in determining sediment yield in all but the most rapidly uplifting regions (e.g., Langbein and Schumm, 1958; Wilson, 1973; Ritter et al., 1995; Burbank et al., 1996; Brozovic et al., 1997; . Late Cenozoic climatic change increased denudation rates at regional scales (Hay et al., 1989; Schumm and Rae, 1995; Nott and Roberts, 1996; Small and Anderson, 1998) , and has been invoked to drive isostatic uplift of orogens (Molnar and England, 1990 ). Yet our ability to interpret climatic controls on continental basin stratigraphy is just starting to be developed. As an example, many numerical models that explicitly consider climatic effects on basin stratigraphy simulate the relation between climate and sediment yield by effectively assuming infinite hillslope sediment supply (e.g., Koltermann and Gorelick, 1992; Paola et al., 1992) , but sediment yield from many drainages, especially in dry environments, is weathering limited, and there is little loose detritus available for transport (Hereford, 1987; Anderson and Humphrey, 1989 ). This characteristic is being considered in the development of weathering-limited (threshold or detachment limited) drainage-basin models (Howard, 1994; Tucker and Slingerland, 1997; Leeder et al., 1998; Tucker and Bras, 1998) .
We suggest that our understanding of how climate is expressed in the sedimentary record will be greatly improved with sound, fieldbased consideration of source-area hillslopes. Scientists have developed process-response models for the Quaternary that consider the complex influences of rock type, rainfall, vegetation, weathering, and pedogenesis on runoff and sediment yield from hillslopes (e.g., Kirkby, 1976; Bull, 1991; Thornes et al., 1996) . Some of this work addresses the same scale and style of variability apparent in the ancient stratigraphic record (Smith, 1994; Hovius and Leeder, 1998; Pederson et al., 2000) . For example, climate-controlled cycles of Quaternary hillslope sedimentation in arid environments have controlled the large-scale progradation, aggradation, and incision of alluvial fans (Bull and Schick, 1979; Bull, 1991; Harvey and Wells, 1994) . In summary, although climatic controls on sedimentary systems are important, the links between hillslopes and sedimentary basins are not well understood. Combinations of geomorphic and sedimentologic research may provide answers.
Our research was stimulated by field observations of Neogene colluvium and buried hillslopes preserved in superproximal basin-fill exposures and their contrast to Quaternary and modern deposits at the same localities. To our knowledge, this is the first research on preQuaternary hillslope stratigraphic records. We are able to rule out tectonics as a control on sedimentation in the study area and focus on climate, as described in the following. A previous paper (Pederson et al., 2000) investigated the relation of climatic change to variability in Neogene colluviation. Here we compare the Neogene, Quaternary, and modern records of hillslope sediment delivery to the studied basins. Basic field and analytical methods document the provenance of proximal basin sediment, the character and relative amount of sediment produced on local hillslopes, the hillslope weathering and transport processes occurring at different times, and the role of differences in rock type. We do not produce an inclusive hillslope model but rather interpret deposits that record hillslope processes and their changes through time. Results bridge the disciplines of sedimentology and geomorphology and fill a gap in our understanding of how hillslope and piedmont sedimentary systems have been linked and have varied with late Cenozoic climate.
BACKGROUND
Extensional basins in southeastern Nevada contain deeply incised, nondeformed Neogene basin fill and prominent piedmont surfaces and deposits. Recent incision has locally exhumed bedrock paleohillslopes and colluvium that interfingers with fine-grained basin fill. Studied outcrops and hillslopes are along the margins of the Panaca and Table Mesa basins ( Fig. 1) , where basin fill of the Pliocene Panaca Formation and the upper MioceneϪPliocene Muddy Creek Formation, respectively, are exposed. Research on Neogene colluvium and modern hillslopes focused on three localities: the southern locality at 730 m elevation in Table Mesa basin and the owl  gulch (informal name) and volcanic localities at 1500 m in the Panaca basin (Fig. 1) . Exposed Panaca Formation in the Panaca basin was deposited between ca. 4.6 and 2.0 Ma, on the basis of tephrostratigraphy (Pederson, 1999 ). An ash bed in the lower exposures of the Muddy Creek Formation in Table Mesa basin is geochemically correlated to the 5.59 Ϯ 0.05 Ma Wolverine Creek tuff (Morgan and McIntosh, 2001 ). The progradational gravel composing the upper Muddy Creek Formation in the neighboring Glendale basin interfingers with fine-grained deposits containing the ca. 3.04 Ma Upper Horse Hill ash (Schmidt, 1994; Williams, 1994; Pederson, 1999) .
The study region is dominated by two rock types: carbonate bedrock, accounting for ϳ97% of the nearly 3000-m-thick Paleozoic sedimentary succession (Langenheim et al., 1962; Page and Pampeyan, 1996) , and felsic and intermediate volcanic rocks of the Kane Springs and Caliente caldera complexes. The mountains surrounding Table Mesa basin are almost entirely underlain by the Paleozoic carbonate bedrock, whereas roughly the northwest half of the Panaca basin is bound by carbonate bedrock and the southeastern half by volcanic rock (Fig. 1) . The three key localities are partly distinguished by their associated bedrock type; the southern locality is adjacent to Mississippian carbonate bedrock, the owl gulch locality is next to Cambrian carbonate bedrock, and the volcanic locality abuts Oligocene latite tuff.
Significant tectonism in the study area ceased after early to middle Miocene extensional deformation (Anderson, 1971; Bohannon, 1984; Bartley et al., 1988) . Minor Pliocene faulting (Ͻ30 m total offset) is evident in the interior of the Table Mesa basin and along a short segment of the mountain front in the Panaca basin, but there is no evidence for range-front faults along the piedmonts at the key study localities (Page and Pampeyan, 1996; Pederson, 1999; William R. Page, 1997 personal comm.) . These conditions allow us to assume that faulting did not affect hillslope and piedmont processes or sedimentation in the post-middle Miocene record, and we attribute the stratigraphic variability in our record to climatic driving forces and related surficial processes.
Although now integrated into the greater RECORDS OF CLIMATE-CONTROLLED HILLSLOPE SEDIMENTATION Colorado River system, these basins were internally drained during deposition of the studied Neogene basin fill. Late-stage (post-tectonic) basin fill was accommodated in basins that were apparently underfilled at the cessation of tectonic subsidence. There is evidence that depositional systems eventually overtopped low divides between basins and the region became hydrologically and sedimentologically interconnected, although not fully integrated and externally drained until late Pliocene or early Pleistocene time (Gardner, 1972b; Schmidt, 1994; Pederson, 1999) .
General Field Relations
Significant changes in the production and basinward delivery of hillslope detritus through Neogene, Quaternary, and modern time is readily seen at outcrop scale (Fig. 2) . In the Table Mesa basin (Pederson, 1999) , as well as neighboring basins (Bohannon, 1984; Schmidt, 1994) , the exposed Muddy Creek Formation lacks coarse facies, including conglomerate, along basin margins. Fine-grained upper Miocene or lower Pliocene basin fill commonly onlaps and buries steep bedrock hillslopes with very little coarse detritus at their contact. Remnant hillslope deposits that grade to correlative piedmont deposits and surfaces indicate that later, during late Pliocene and Quaternary time, the same slopes were episodically producing and delivering detritus that prograded kilometers basinward (Fig. 2) . The lower flanks of regional mountainsides were apparently mantled in detritus during these periods of high sediment production, then partially stripped in several cycles. Modern carbonate-bedrock hillslopes, in contrast, are weathering limited, lack vegetative cover, and are stripped of most colluvium (Fig. 2) , whereas some volcanic hillslopes are currently transport limited with stable colluvial mantles. Initial indications are that carbonate bedrock is significantly more resistant to weathering than volcanic bedrock in this dry environment.
Upper Miocene through Quaternary deposits record two main modes of landscape development: (1) deposition of the dominantly fine-grained fluvial, lacustrine, and marsh deposits of the Muddy Creek and Panaca Formations; and (2) deposition of local hillslopederived coarse fluvial gravel that episodically prograded over, and then, after drainage integration and incision, was inset into the underlying fill (Pederson, 1999) . Although this study focuses on changes at smaller spatial and time scales, the timing and nature of the transition between these two modes marks an important, very large scale change in climatedriven hillslope processes and sediment yield. The bypass of fine sediment out of basins in the late Pliocene and Quaternary because of drainage integration may have enhanced the predominance of coarse facies deposition, but the abrupt appearance of large volumes of gravel prior to and during this period necessitates a change in the volume of coarse detritus produced on source hillslopes. In addition, fluvial incision into fine-grained basin fill because of base-level fall cannot be implicated for the major increase in coarse hillslope sediment production and delivery evident in the area.
Climatic History
The Basin and Range landscape may be particularly sensitive to climatic change , and temperature, precipitation, vegetation, and hydrology have varied significantly in the study area throughout late Cenozoic time. Although no paleoclimate research has been completed in the study basins, the regional Great Basin and Mojave Desert climatic record from the Pliocene to the pre- sent has been well studied through a series of proxy records and modeling efforts. The climate of the western United States from 4.8 Ma to ca. 2.4 Ma appears to have been warmer than present, with greater effective moisture and lower amplitude variability than evident later in Pliocene and Pleistocene time (Thompson, 1991; Fig. 3) . A relatively sharp change to drier and possibly colder conditions is evident in most Great Basin records ca. 2.4 Ma, which corresponds to the onset of early continental and alpine glaciation in North America (Raymo et al., 1989; Thompson, 1991) . The very latest Pliocene, from about 2.0 to 1.8 Ma, marks a return to relatively moist conditions in the Great Basin (Thompson, 1991) .
Quaternary climate has been characterized by high-amplitude, glacial-interglacial variability that strongly affected both the vegetation and hydrology of basins in the study region (Quade, 1986; Coplen et al., 1994; Quade et al., 1995; Harvey et al., 1999; Lowenstein et al., 1999) . Precipitation may have been 50% greater and temperatures depressed 6Ϫ9 o C during full-glacial conditions in the late Pleistocene (Spaulding and Graumlich, 1986; Whitney and Harrington, 1993) . Transient late glacial and early Holocene climatic and vegetation regimes, including enhanced summer monsoonal precipitation, have played an important role in geomorphic processes (Kutzbach, 1981; Spaulding and Graumlich, 1986; Bull, 1991; Harvey et al., 1999) . Ecotones were shifted ϳ1000 m lower during late Wisconsin full-glacial climate in the region (Spaulding, 1990) , suggesting that the mountains surrounding Table Mesa basin now populated by sparse desert scrub may have been covered by juniper woodland. Great Basin sagebrush and grass steppe and juniper, pinon, and mountain mahogany woodland currently occupy the basin floor and hillslopes of the Panaca basin. Nearby packrat middens indicate that montane and subalpine woodlands of Douglas fir, limber pine, and bristlecone pine intermixed with sagebrush steppe occupied the basin during glacial climates (Madsen, 1973; Wells, 1983; Thompson, 1990 
METHODS

Field Studies
Detailed stratigraphic sections were measured and sampled in Neogene deposits immediately adjacent to buried hillslopes at all three study localities and at stratigraphically equivalent sections 100Ϫ200 m basinward at the owl gulch and volcanic localities (Fig. 1) . Correlations between proximal and distal sections were made by tracing marker beds along continuous exposures, and the extent and pattern of colluvium issuing from paleohillslopes were documented. Approximate age control for basin-fill sediment is provided by geochemical correlation of a few fine-grained ashes to dated tuffs through electron-microprobe analysis of glass composition (Pederson, 1999) . Mammalian biostratigraphy and magnetostratigraphy at localities in the Panaca basin provide additional temporal control (Mou, 1999) .
Tertiary and Quaternary deposits of Table Mesa basin were mapped in their entirety.
Correlation of stream terraces and piedmont surfaces was accomplished by use of very well-exposed inset stratigraphic relations and terrace-tread characteristics. Detailed soil analyses were not within the scope of this research because stratigraphic correlations could be made without them. In addition, the piedmont surfaces are marked by a high rate of soil carbonate deposition due partly to ubiquitous carbonate parent material (Gardner, 1972a; Rabenhorst and Wilding, 1986; Reheis et al., 1992) , and more than half of the terraces have calcretes. Instead, time-dependent terrace-tread attributes were useful guides for terrace correlation. These included dissolution relief on clasts (Hereford et al., 1998) , general pavement color (a function of the amount of pedogenic carbonate composing pavement clasts and desert varnish development), thickness of soil Av horizons, vegetation density and composition, and field identification of calcic horizon development and the degree of petrocalcic exhumation.
Modern hillslopes were characterized at 20 m by 20 m test plots located immediately upslope of the measured sections of Neogene sediment at each of the three main localities. This included topographic surveys, inventories of vegetation type and abundance along transects, sampling of major bedrock types for petrography, and rockmass strength determinations. Rock-mass strength was calculated for bedrock from Schmidt HammerϪdetermined unconfined compressive strength estimates, fracture and/or jointing characteristics, and related features according to Selby (1980) . Colluvial clast-size determinations were made for modern, relict-Quaternary, and exhumed-Neogene hillslope deposits at the three localities using a sampling grid size determined by the diameter of the largest clasts in the deposit (Wohl et al., 1996) .
Laboratory Studies
Laboratory determinations of particle-size distribution, sand petrology, clay mineralogy, and heavy-mineral content were performed on 50Ϫ100 samples, depending upon the analysis (Pederson, 1999) . Particle-size, sand-petrologic, and clay-mineral analyses were performed on the insoluble residue of carbonate bedrock samples, and unweathered latite bedrock was assessed by petrography and X-ray diffractometry. Sand and pebble fractions of samples were split into 0.5 increments by sieving, and silt and clay fractions were determined by settling and pipetting methods. Particle-size analyses were conducted without acid digestion of samples because of the presence of carbonate-lithic grains. Very fine-sand separates for heavy minerals were compared to fine-sand separates for lighter minerals in order to approximate the analysis of hydraulically equivalent grains, minimizing the effects of differential sorting during transport (Morton and Hallsworth, 1999) . Thin sections of the fine-sand fractions were each point-counted to a total of 400 grains. Sample fractions for heavy-mineral analysis were gravity separated in lithium metatungstate solution and permanently mounted, then all grains (Fleet method) were optically identified until more than 400 nonopaque minerals were counted. Comparisons of the compositional maturity of heavymineral suites (Mange and Maurer, 1992; Morton and Johnsson, 1993) for this study were ambiguous because of the low intensity of chemical weathering in the arid environment and the overriding influence of provenance (Pederson, 1999) .
X-ray-diffraction analysis of clay fractions was used to assess variability in clay-mineral content that may be a function of chemical weathering intensity and provenance. The Xray spectra were obtained from oriented, Mgsaturated, glycolated, clay-fraction mounts (Moore and Reynolds, 1997) , and systematically calculated 001 peak areas were modeled using NEWMOD software (Reynolds and Reynolds, 1995) to obtain quantitative estimates of the relative percentages of smectite, illite, and kaolinite clay-mineral classes.
RESULTS AND INTERPRETATIONS
Modern Hillslope Characterization
Test plots for modern hillslope studies are on slope segments that are nearly planar in lateral profile or plan form (Parsons, 1988) , such that runoff neither converges nor diverges. Average slope of the test plots ranges from 27 o at the volcanic and owl gulch localities to 39 o at the southern locality. The length of hillslope catchment immediately above each of the test plots is similar and on the order of 25Ϫ50 m. Profiles parallel to slope show greater macroscale roughness on the carbonate slopes of the southern and owl gulch localities due to bedrock exposed at the surface (Fig. 4) .
Hillslopes underlain by carbonate bedrock in both the Panaca and Table Mesa basins lack vegetative cover (Table 1) , are typified by exposed bedrock, and have no continuous mantle of colluvium or regolith ( Fig. 2A) . The existing detritus is mostly angular pebbles and a matrix of mostly wind-blown silt and sand, as shown in the following. These are excellent examples of weathering-limited hillslopes where sediment production is being outstripped by sediment transport. Thus weathering is the rate-limiting factor in hillslope sediment yield, and hillslope form and process is determined primarily by bedrock properties (Selby, 1993) . Carbonate bedrock in arid climates is chemically stable because of the paucity of water for dissolution, whereas physical weathering by plants, expansion-contraction, or freeze-thaw processes (e.g., Whitney and Harrington, 1993) appears to produce little detritus under present conditions. Sediment transport is likewise relatively inactive off carbonate slopes; there is very little evidence of active talus or colluvium at the foot of slopes or of recent contribution of sediment to streams. Sediment-gravity flows are inhibited because the carbonate slopes lack a bedrock source for mud and have little or no colluvial or regolithic mantle. Carbonate slopes probably have very low permeability because nearly all bedrock fractures are filled with carbonate cement. Combined with the lack of binding vegetation, these conditions suggest that what little detritus is being shed from slopes is entrained and transported mostly by Hortonian (infiltration-excess) overland flow (Abrahams et al., 1984; Yair and Enzel, 1987) . Sedimentologic evidence presented here supports this conclusion.
Hillslopes underlain by latite tuff at the volcanic locality are relatively smooth in cross section (Fig. 4) and convex at the full-hillslope scale. Slopes are mantled in their own detritus, and bedrock exposures are rare. These are transport-limited slopes, where weathering is proceeding at a rate greater than or equal to erosion. Downslope transport along the convex, mantled slopes probably involves soil creep (e.g., Schumm, 1956; Kirkby, 1967) , but evidence discussed here indicates that, at times, sediment is also washed off these slopes by overland flow. There is no evidence for recent mass movements or sediment-gravity flows, but these processes may be important on longer slopes or those underlain by different volcanic rock types.
Eolian processes have played an important role in soil formation and surficial processes in the study area and throughout the region (McFadden et al., 1986; Wells et al., 1987; Reheis et al., 1995) . Petrologic results indicate that the fine-sand fraction of modern detritus on the study hillslopes is a mixture of weath- ered bedrock and material reworked from the local proximal-basin-fill exposures (Pederson, 1999) . Eolian processes have been recycling local material but probably have not been providing significant new sand to the system. Rock-mass strength calculations confirm the different weathering characteristics of the two bedrock types, the tuff being more susceptible to physical weathering than carbonate bedrock (Table 1) . Although unconfined compressive strength is only slightly lower for the latite tuff, it is also intensely fractured, leading to a weaker rating. Fracture density increases toward the regolithic surface of the latite, and, although thinner on average than fractures defined by bedding and jointing on carbonate rock, fractures in the tuff are not filled by cement. Carbonate slopes at both the semiarid owl gulch and arid southern localities have similar type and density of vegetative cover, whereas the pebbly regolith and colluvium covering the volcanic slope supports much more abundant grasses and shrubs (Table 1) . This, in turn, contributes to trapping of eolian fines, increased infiltration, greater moisture retention, higher soil PCO , and generally 2 higher chemical and physical weathering rates (e.g., Dunne et al., 1991; Francis, 1994) . The same conditions reduce rainsplash erosion and inhibit Hortonian overland flow, dampening transport of sediment off slopes that are covered in continuous regolith (Yair and Enzel, 1987) . Vegetation on hillslopes of the study area is more strongly tied to bedrock type, or to weathering or transport-limited hillslope states, than to arid versus semiarid climate.
Bedrock type not only influences the weathering or transport-limited condition of local hillslopes, but is also expressed in the regional terrain of southeastern Nevada. The large swath of landscape underlain by the Cane Springs and Caliente caldera complexes has notably lower relief than surrounding ranges underlain by Paleozoic carbonate and Proterozoic metamorphic rocks (Fig. 5) . Weathering and transport-limited hillslope states are linked to both relief and sediment yield in the study area.
Quaternary Stratigraphy
At least seven fill terraces, which can be physically traced to hillslope colluvial remnants, are present in Table Mesa basin, and record episodic stream aggradation during overall incision since late Pliocene time (Fig.  6 ). These terraces and deposits are placed into four groups distinguished by landscape position and deposit geometry; individual terraces are distinguished and correlated mostly by tread characteristics (Table 2) . Terrace deposit thickness and paleotopography on the basal strath generally increase with younger, more deeply inset deposits, but are also strongly dependent upon the location and gradient of the piedmont stream. Terrace fill thickness ranges from 1 to 20 m, and deposits are remarkably uniform through the stratigraphy, composed of clast-supported, imbricated, pebble to cobble gravel that is carbonate cemented or case hardened to different degrees, depending upon relative age. The upper Pliocene and Quaternary gravel in Table Mesa basin is interpreted as streamflow deposits, and the composition of piedmont gravel is predominately Paleozoic carbonate clasts.
Unit QTp is not a stream terrace, but rather a widespread piedmont surface that corresponds to a narrow bedrock pediment (a few hundred meters long) preserved along the southwest margin of Table Mesa basin. Basinward, this surface has an associated, relatively thick, gravel deposit (QTg) that bevels the underlying late Pliocene and older basin fill and contains at least three disconformities marked by major calcrete horizons (Fig. 6 ). Unit QTg therefore represents a relatively long period of time in the late Pliocene and early Pleistocene, and QTp is the highest, most widespread, constructional surface below which all subsequent deposits are inset. The physical correlation of piedmont gravels to relict hillslope mantles (Fig. 2) indicates that the lower flanks of these mountains were episodically mantled in colluvium and then stripped several times through the Quaternary while piedmont streams aggraded and incised in response to changing hillslope sediment delivery, as has been previously recognized in arid and semiarid settings (e.g., Gerson, 1982; Bull, 1991; Schmidt, 1996; Gutierrez et al., 1998) . Evidence in the late Pliocene and Quaternary stratigraphic record indicates that slopes were episodically producing sediment at higher rates, and that, although currently weathering limited, the lower flanks of the carbonate hillslopes in Table Mesa basin were buried in detritus.
There have been a number of studies conducted on the Quaternary stratigraphy and soils of piedmonts in the Basin and Range and Mojave Desert (e.g., Wells et al., 1987; Sowers et al., 1988; McFadden et al., 1989; Bull, 1991; Reheis et al., 1992; Harvey and Wells, 1994; McDonald, 1994; Harvey et al., 1999) , and our stratigraphic results are consistent with previous work in the region. Gardner (1972b) and Schmidt (1994) defined a sequence of surfaces and deposits in the neighboring Glendale basin that are similar in number and landscape position to those described here, and it has been proposed that such deposits can be correlated regionally (Swadley et al., 1995) . Climate-controlled hillslope variability is also evident from nearby research on Quaternary colluvial boulder deposits derived from volcanic bedrock at Yucca Mountain (Whitney and Harrington, 1993) . Whitney and Harrington found that freeze-thaw processes were responsible for greatly enhanced physical weathering during pluvial episodes, and that debris flows are the main transport process on hillslopes during interglacial episodes. Although freeze-thaw processes must have been similarly effective in our study area, there is no sedimentologic or hillslope evidence for debris-flow activity. Previous research focused specifically on the well-preserved record of the latest glacial to interglacial transition has resulted in a conceptual model of arid-landscape responses to climatic change (Bull, 1991) . In this model, increased weathering of bedrock during cold and/or wet episodes produces a colluvial mantle and also delivers sediment to the piedmont. This mantle is then stripped during the wet to dry climatic transition; subsequent dry periods are marked by stability and more active eolian processes. Our results (presented in Pederson et al., 2000) indicate that hillslope and piedmont processes throughout our record match this conceptual model.
Neogene Deposits
Sedimentology
The distance Neogene colluvium extends from buried hillslopes varies through the stratigraphy at each superproximal locality (Fig.  7) . This variability may indicate changes in either the types and/or rates of weathering processes or in the rates of transport processes delivering sediment to the piedmont. Field sedimentologic results characterize this variability and help address the process changes that occur through time.
Dissolution of carbonate bedrock is unlikely to produce coarse angular detritus, and petrologic results (presented in Pederson et al., 2000) indicate that only minor chemical weathering has occurred in the study area. The angular shape and pebbly to cobbly clast size of colluvium throughout the record, the fractured nature of the bedrock, and nearby work on slopes at Yucca Mountain (Whitney and Harrington, 1993) all suggest that physicalweathering processes are forming the coarse colluvium throughout the record. Pebbly hillslope detritus at the southern locality extends Ͻ10 m from the carbonate-bedrock mountainside, whereas coarse colluvium is more abundant at owl gulch and most abundant at the volcanic locality (Fig. 7) . This suggests lower rates of sediment production in the late Miocene than the Pliocene, but it also probably reflects less detritus production in Table Mesa basin as a function of greater aridity. The compound stratigraphy of most colluvial wedges indicates that they are not the products of single events, but represent longer term, cyclic trends of colluvial progradation and retrogradation. On the basis of rough calculations of the temporal relation between stratigraphic cycles and magnetostratigraphicage data, we (Pederson et al., 2000) suggested that these may represent precession or obliquity orbital-scale cyclicity, which is consistent with marine paleoclimate records (Fig. 3 ) (Raymo et al., 1989; Clemens and Tiedemann, 1997) .
Relatively little work has been done on the sedimentology of colluvium. Nelson (1992) used colluvial lithofacies to distinguish massmovement deposits from stratified wash deposits in fault-scarp colluvial sequences, and McCalpin et al. (1993) showed that clast-fabric analysis is useful for distinguishing types of gravity-driven movement along steep slopes. Van Steijn et al. (1995) , Blikra and Nemec (1998) , Nemec and Kazanci (1999) , and Bertran and Texier (1999) more broadly confirmed that sedimentary texture, structure, and fabric of colluvium may be used to distinguish a range of depositional processes, and they interpreted sedimentologic changes in terms of climatic influences. Neogene colluvium at the study outcrops appears as either a mantle of matrix to clast-supported, angular, pebbly gravel, or as basinward-thinning wedges of imbricated, clast-supported, angular, pebbly gravel (Fig. 8) . The undulatory-bedded lower meter of gravel above the bedrock slope at owl gulch is an example of a buried colluvial mantle, which has a weak slope-parallel fabric of clast long axes (Fig. 8A) . Slope-parallel fabric can be an indication that wash processes or gravity-driven sliding or rolling have moved clasts into stable orientations (McCalpin et al., 1993) . The trough-shaped features in this unit may be infilled rills or they may reflect vegetation disturbance or slumping. When this bedrock hillside was buried in Pliocene time, the lower flanks of the slope were transport limited and mantled in their own detritus, unlike present conditions. Other tongues of pebbly colluvium that extend basinward beyond detrital mantles are imbricated away from the local hillslope (clast long axes dip back toward the hillside) (Fig. 8B) . Imbrication may be found in grain-flow or slurry and/or debris-flow deposits (Van Steijn et al., 1995) , but the lack of inverse grading or levee features is consistent with detritus being transported off the hillslope and deposited in small debris aprons by overland flow.
Comparative clast counts of modern, Quaternary, and Neogene alluvial and colluvial gravel provide further evidence of the hillslope processes occurring through time in the study basins (Fig. 9) . Modern stream bedload sampled near the mountain front at the southern locality in Table Mesa basin matches the pebbly, normally distributed clast size of modern colluvium at both the southern locality and owl gulch. This suggests that the bedloads of streams issuing from the mountain front are representative samples of detritus produced on drainage hillslopes. This similarity is testament to the resistance of carbonate bedrock to weathering and downstream diminution in this setting, and to the overall uniform character and weathering habit of Paleozoic carbonate bedrock in the region. In addition, modern alluvium, two different Quaternary fluvial deposits, and upper Miocene alluvial-fan gravel, all at the same location and distance from the mountain front in Table Mesa basin, have the same clast-size distributions (Fig. 9) . Alluvium from carbonate source areas has remained the same caliber through time, indicating that the character of hillslope weathering products has remained relatively consistent throughout this stratigraphic record. The caliber of both Quaternary and Neogene colluvium at the southern and owl gulch localities is approximately the same, but these units lack the coarse cobbles and boulders found on the present hillsides. This may be additional evidence that pebbly detritus has been transported to the toe of study slopes mostly by slope and rillwash processes, which are unable to move larger clasts, whereas on steeper slopes with a free face it is possible that rock falls transport some larger clasts to streams. Whitney and Harrington (1993) suggested that a change to different weathering processes at Yucca Mountain during the coldest episodes of the Pleistocene produced notably larger clasts and formed boulder deposits juxtaposed with finer grained hillslope detritus. There is no indication of bimodality in our clast-size data from carbonate slopes, and we suggest that the same physical weathering processes have been taking advantage of relatively uniform, preexisting bedrock weaknesses throughout the record. Modern colluvium at the volcanic locality is weakly bimodal (Fig. 9) , but the slightly larger clasts appear to be in the process of breaking down by both physical and chemical weathering. Thus the comparative lack of larger detritus seen in the ancient colluvium at the volcanic locality could be due to clast modification on the hillslope as well as to sorting during transport.
Colluvial wedges interfinger with finer RECORDS OF CLIMATE-CONTROLLED HILLSLOPE SEDIMENTATION grained basin fill that ranges from calcareous and gypsiferous lacustrine mud at the southern locality to silty and sandy alluvial slope deposits in the Panaca basin (Fig. 7) . Grain-size data from proximal measured sections (Fig. 7) indicate that pebbly colluvium was being added in pulses to an overall-consistent background of finer grained basin fill. In the Panaca basin, grain-size data are consistent with sedimentary structures that indicate that much of this fill was being recycled and deposited by eolian processes (Pederson, 1999) . Carbonate bedrock samples from the study sites have only a minor amount of fine silt and clay insoluble residue (Fig. 7D) . It is evident that carbonate bedrock cannot be a significant source for the voluminous siliciclastic fill of the Panaca Formation or Muddy Creek Formation. This is particularly interesting in the Table Mesa basin because the surrounding mountainsides are almost entirely composed of carbonate bedrock. Another illustration of this is the grain-size data for distal samples at owl gulch (Fig. 7A) . Distal basin-fill samples are actually slightly coarser than their proximal counterparts in several cases, an indication that depositional systems immediately basinward of this carbonate hillslope were tapping distant rather than local sediment sources.
Petrology
The dry environment of the study area, the lack of deep or long burial, and the absence of significant diagenesis indicate that primary petrologic features are retained in the sampled strata. Ternary plots designed to resolve the distinctive sediment sources of the study area have been used for provenance determination (Fig. 10) . Samples at each locality are grouped into those that represent colluvial pulses and those from interfingering finer grained fill units. Distal samples are assigned to these two groups according to which proximal sediment type they physically correlate.
Proximal samples from all three localities show that colluvial wedges contain more locally derived lithic sand (Fig. 10B) , indicating that hillslopes, especially volcanic ones, have been producing and shedding fine-grained material as well as pebbly detritus during colluvial pulses. Fine-grained interbedded fill has mixed volcanic and carbonate sources, even in the southern locality, where the nearest source of volcanic material is several kilometers up a drainage on the other side of the basin (Fig.  1) . Likewise, the sand fraction of basin-fill samples only a few meters from carbonate bedrock at owl gulch is composed mostly of material from volcanic sources more than 1 km away. Distal samples at owl gulch actually show the reverse provenance relationship of their proximal counterparts (Fig. 10C) , i.e., distal samples that correspond to proximal colluvial wedges have more exotic volcanic detritus. Even while colluvium is prograding from the adjacent carbonate hillslope, the depositional system 100 m basinward is receiving its peak contributions from distant volcanic hillslopes.
Provenance data from heavy-mineral separates confirm that pebbly colluvial pulses also deliver greater amounts of locally derived sand to the piedmont. In particular, samples from the volcanic locality indicate that colluvial pulses are richer in local bedrock-derived hornblende than the interbedded fill (Fig.  10D) . Likewise, data from the southern and owl gulch localities show a consistent enrichment in epidote and sphene in coarse colluvial samples, indicating increased delivery of sand from local carbonate hillslopes. Clay minerals provide further supporting evidence for provenance determinations. Data shown in Pederson et al. (2000) indicate that colluvial pulses are marked by a consistently greater amount of carbonate bedrock-derived illite or volcanic bedrock-derived mica, whereas basin-fill interbeds are dominated by a background of smectite.
DISCUSSION
The types of hillslope weathering and transport processes occurring in the study area have been consistent through time. Sand-petrography and clay-mineral analyses indicate only minor chemical weathering associated specifically with volcanic source material (Pederson et al., 2000) , and evidence presented here indicates that bedrock has been mechanically broken down to consistent grain sizes, mostly pebbles, on both carbonate and volcanic slopes. The sedimentology of Neogene colluvium and inferences from modern slopes suggest that sediment transport on slopes covered by colluvial mantles may involve creep and slumping processes, but also that slope and rill-wash processes probably account for the majority of colluvium delivered to the piedmont at the three study localities. In addition, eolian processes have very likely played a role in enhancing weathering and have been important in transporting and recycling finegrained sediment on piedmonts and hillslopes throughout the record (Pederson et al., 2000) . Although processes have remained consistent through time in the study area, cycles of hillslope sediment delivery evident in proximal basin stratigraphy indicate the rates at which these processes have worked have not remained consistent. Variability in this record represents changes from relative inactivity to activity of hillslope processes more than shifts between different processes.
The largest spatial and temporal signal of stratigraphic variability in the study area, representing a fundamental change in basin sedimentary systems, is the shift from relatively little coarse detritus in the late Miocene to increasing and then much greater overall production and delivery of gravel to basins in late Pliocene and Pleistocene time. We propose that this change reflects increased weathering rates during the shift from overall nonglacial to colder and more variable glacial and/or interglacial climatic regimes, and that the timing is roughly coincident with the beginning of continental glaciation in the Northern Hemisphere in the late Pliocene (Thompson, 1991; Raymo, 1994) . A smaller scale of variability in hillslope sedimentation is expressed at outcrop scale in the petrology of deposits and the distance coarse detritus extends from hillslopes. Although these stratigraphic signals may vary at orbital time scales in both the late Neogene (Pederson et al., 2000) and Quaternary records of the study basins, the spatial magnitude of these cycles is much larger in the late Pliocene and Quaternary part of the record. The observation that hillslope responses to a particular time scale of climatic change vary from subtle to relatively significant depending upon the magnitude of that change is important for recognizing similar-scale cycles in continental basin stratigraphy. The role rock type plays in the sensitivity of the sedimentary record to climatic change is also important. Sand petrologic data indicate that, although carbonate and volcanic hillslopes in the study area may be changing synchronously to Neogene climate, they respond at very different magnitudes. For example, looking at the grain-size characteristics of Neogene basin deposits in this study area that are derived from carbonate bedrock sources, it would be difficult to identify changes at orbital time scales. Conversely, if deposits were derived from volcanic source areas, grain-size effects at this scale would be relatively strong.
It is well known that bedrock type strongly influences hillslope form and processes and therefore sediment yield (e.g., Carson and Kirkby, 1972; Bull and Schick, 1979) , but the relative importance of rock type in comparison to other factors such as tectonics, climate, and eustasy is unclear. Provenance data in this study indicate that delivery of hillslope-derived detritus of all grain sizes varies episodically, and that increases in sediment delivery RECORDS OF CLIMATE-CONTROLLED HILLSLOPE SEDIMENTATION are disproportionately provided by volcanic sources (Fig. 10) . In the Table Mesa basin, there is no viable bedrock source in the local mountains for the siliciclastic detritus composing most of the Muddy Creek Formation. Source rock that might have been removed by post-Miocene erosion would consist only of more carbonate bedrock within the thick Paleozoic section. Interpretations not presented here regarding the provenance and distribution of exotically derived sediment in the basin (Pederson, 1999) lead to the conclusion that volcanic areas in neighboring basins and in drainage headwaters tens of kilometers away were the sources for most of this basin fill. Basin sedimentary records and hillslope form, the transport or weathering-limited state of hillslopes, and the present terrain of the region are influenced primarily by rock-type differences. Likewise, greater weathering of volcanic slopes influences vegetation, soil moisture, and eolian processes, making vegetation density and type on modern slopes correspond more closely to bedrock type than to local climate (Table 1) . Results from this study indicate that in tectonically inactive landscapes and/or dry environments, strong rock-type distinctions can be the most important controls on sediment yield and landscape development.
One of our basic findings is that the production of colluvium on hillslopes has varied through time as a function of climate, controlling the delivery of sediment to basins at scales evident in basin stratigraphy. Evidence of long-term consistency in weathering and transport processes, which vary in magnitude rather than type, lends credence to our previous suggestion that the mode and timing of piedmont-landscape responses to climate are the same in Quaternary and pre-Quaternary records in dry settings (Pederson et al., 2000) . Observations of sediment-yield properties in the modern and Quaternary landscape may therefore be an accurate guide for interpreting the pre-Quaternary sedimentary record despite differences in the amplitude and frequency of climatic change. This seems to be true for the arid and semiarid setting of our field area, but future research along these lines in other settings is needed. Although the exposures of ancient colluvium in the study area are unusual, they are not unique, and future identification and study of similar deposits should provide important information on how hillslopes and basin sedimentary systems have been linked through time. This may be the only way to directly study in nature how climatic change, as it acts upon rock type and modulates sediment yield, is expressed in large-scale sedimentary stratigraphy.
CONCLUSIONS
The production of colluvium on hillslopes of the study area has varied through time as a function of climate, and this in turn has modulated the delivery of sediment to basins at scales evident in basin stratigraphy. Hillslope processes and products in the study area have been consistent through time, although process rates have varied greatly. Similarly, different hillslopes have been responding to climate synchronously, but at greatly different magnitudes depending upon rock type and the scale of climatic forcing. One implication of this is that orbital-scale cyclicity can be, but need not always be, well expressed in the stratigraphy of continental basins. In addition, in dry settings, knowledge of the Quaternary record may be used to predict modes and tim- PEDERSON et al. ing, but not the magnitude, of past change in response to climate, and relatively low or high sediment yield may be signified by field evidence of weathering or transport-limited hillslopes through time, respectively. Rock type may be the dominant control on sediment yield and landscape development in tectonically quiescent, dry landscapes. In the study area, the preferential weathering and sediment delivery from slopes underlain by Tertiary volcanic rocks versus Paleozoic carbonate rocks defines the petrology of basin-fill sediment, the character of depositional systems, hillslope form, and the regional distribution of relief.
Further study of ancient colluvium and comparisons to the Quaternary hillslope records in different settings is needed. Although the exposures of ancient colluvium in the study area are unusual, they are not unique, and future identification and study of similar deposits should provide important information on how hillslopes and basin sedimentary systems have been linked through time. Such deposits may be the best way to directly study how climatic change, as it acts upon rock type and modulates sediment yield, is expressed in large-scale sedimentary stratigraphy.
